Emergent comet-like swarming of optically driven thermally active
  colloids by Cohen, Jack A. & Golestanian, Ramin
Emergent comet-like swarming of optically driven thermally active colloids
Jack A. Cohen and Ramin Golestanian
Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxford, United Kingdom
(Dated: November 21, 2018)
We propose a simple system of optically driven colloids that convert light into heat and move in
response to self- and collectively- generated thermal gradients. We show that the system exhibits
self-organization into a moving comet-like swarm and characterize the structure and response of
the swarm to a light intensity dependent external tuning parameter. We observe many interesting
features in this nonequilibrium system including circulation and evaporation, intensity-dependent
shape, density and temperature fluctuations, and ejection of hot colloids from the swarm tip.
PACS numbers: 82.70.Dd,05.70.Ln,47.57.-s,47.70.-n
Hierarchical self-organization of active components
that convert energy into functional motile structures is
one of the defining elements of living matter. This con-
cept has motivated a decade of theoretical studies [1–3]
that has culminated in a recent surge of well-controlled
in vitro experiments [4–6]. The ubiquity of active self-
organization in nature—from bird flocks [7] to bacte-
rial suspensions [8]—and the rich fundamental proper-
ties exhibited by systems with such capability [9–11] sug-
gest that understanding such nonequilibrium phenomena
could also help us develop a new paradigm in engineer-
ing by designing emergent behavior. The advent of active
colloids [12–14] provides simple synthetic building blocks
that could be used in bottom-up studies of the relation-
ship between built-in functionalities of the modules and
their resulting collective behaviors [15, 16].
Colloids can be driven into motion by gradients in
chemical, electrostatic, or thermal fields that may ex-
ist externally to the colloid [17]. By tailoring the surface
activity of the colloids, it is possible to produce such
fields natively and generate self-propulsion [18, 19]. A
collection of such interacting active colloids could serve
as a promising model system to study collective non-
equilibrium dynamics [20], as both the single-particle ac-
tivity and the interactions could be controlled by con-
struction. Here we consider a simple system of active
colloids that receive energy by surface absorption of light.
The colloids take advantage of the natural asymmetries
in the system to create nonequilibrium conditions that
drive them into a range of collective behavior, and in par-
ticular, self-organization into a moving comet-like swarm
(see Fig. 1a) with novel nonequilibrium dynamics. We
observe persistent circulation flow within the swarm (see
Fig. 1b), evaporation, ejection of hot colloids from the
head of the swarm and large shape fluctuations that in-
duce fission. The rich behavior of the dynamic comet-like
swarm can be controlled by a single external parameter
proportional to the intensity of illumination.
We consider a collection of particles illuminated with a
directed light source with uniform intensity I. The light
intensity received at the surface of each colloid is deter-
mined by the distribution of the shadows of the colloids
(a) (b)
FIG. 1: (a) Snapshot of the comet-like swarm with the light
incident along −zˆ with an inset schematic of the shadow-
ing showing the collectively generated velocity ~vT and the
self-generated propulsion velocity ~vs. (b) Axially and time-
averaged density field in the swarm center of mass frame pre-
sented in cylindrical coordinates (r, z) overlaid with the rela-
tive average colloid velocity streamlines showing circulation,
with arrow size representing the magnitude, generated from
η = 10 with N0 = 1024.
above it, as shown in Fig. 1a. The light received by
each colloid is converted into a heat flux that increases
the temperature of the colloid and the surrounding fluid
in an anisotropic way. The interaction of light with par-
ticles through multiple scattering is a computationally
intensive process [21], and in order to investigate a suf-
ficiently large number of colloids at long time scales it
is desirable to introduce some simplifying features. Here
we assume that the light is fully absorbed (i.e. we ignore
multiple scattering) and treat the propagation of light
through the colloidal dispersion via geometric optics. A
particle with a clear view of the light source will have
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FIG. 2: (a) Temperature field with phoretic velocity due to temperature gradients. (b) Temperature fluctuations. (c) Density
fluctuations normalized by local equilibrium expectation. (d) Time dependence of the number of colloids in the swarm for
η = 10 and N0 = 512. This follows Nswarm(t) = N0[1− k(η)t] until small swarm sizes with k(η) shown inset. (e) Dependence
of swarm shape, i.e. R⊥ (R‖) perpendicular (parallel) to illumination, on swarm size Nswarm for η = 10. Dependence of swarm
velocity (f) and swarm shape (g) on η for 920 < Nswarm < 980 with solid line in (f) showing relation to the swarm shape and
inset showing Nswarm dependence. Plots showing error bars are quantities averaged over 10-20 runs with bar length showing
standard deviation.
an illuminated hotter top hemisphere and a dark colder
bottom hemisphere. This asymmetric temperature dis-
tribution results in the self-propulsion of the colloid via
a process known as self-thermophoresis [22], with a max-
imum velocity of magnitude vo = I|DT |/(9κ), where DT
is the thermophoretic mobility (also known as the ther-
modiffusion coefficient) and κ is the thermal conductivity,
which is set to be equal for the colloid and the solvent
for simplicity. When DT is negative, which is allowed as
it is an off-diagonal Onsager coefficient [23] and possi-
ble via appropriate surface treatment of colloids [24], the
self-propulsion will be predominantly towards the light
source with a velocity ~vs, leading to an effective attractive
artificial phototaxis. Moreover, all colloids (whether il-
luminated or not) will experience a thermodiffusion drift
velocity due the temperature gradient generated by the
illuminated colloids, ~vT = −DT ~∇T (see Fig. 1a). Our
choice of negative DT means that the colloids act both as
heat sources and heat seekers; a combination that could
lead to self-organization and instability, as seen in a di-
verse range of nonequilibrium phenomena. These include
the example of thermal explosion as first studied by D.A.
Frank-Kamenetskii in 1939 [25] (and its colloidal ana-
logue [26]), collective thermoregulation in a bee swarm
that is used to “cook” their enemies [27], and the re-
lated phenomenon of pattern formation and collapse in
bacterial chemotaxis [28, 29] (and its colloidal analogue
[15, 16]).
We model the colloid as a solid core with diame-
ter σ and thermal conductivity κi coated with a light-
absorbing shell of thickness δ, where we assume δ  σ
(valid for nano-coatings of a microsphere) suspended in
a liquid medium of thermal conductivity κo. We solve
the steady state temperature fields on the surface of the
colloid using a standard spherical harmonics expansion
where an additional flux term is provided by the inten-
sity of light, I(θ, φ), at the colloid surface. The surface
temperature T (θ, φ), is given by expansion coefficients
Tl,m =
1
2σIl,m/[lκi + (l + 1)κo], where Il,m is the corre-
sponding expansion coefficient of the surface light inten-
sity. The phoretic self-propulsion velocity of the colloid
is obtained through a surface average of the slip velocity
~vs =
1
4piDT
∫
sin θdθdφ ~∇‖T (θ, φ) [22].
We study the collective behavior of the active col-
loids using Brownian dynamics simulation. Colloid posi-
tions are integrated through an overdamped Langevin
equation scheme where positions from time step n to
n + 1 are updated by ~r(n+1) = ~r(n) + d~r, where d~r =
~v∆t + ~ξ
√
2∆t using units σ and σ2/D for distance and
time, respectively. Random thermal fluctuation are in-
cluded through the white noise term ~ξ with 〈ξa(t)〉 = 0
and 〈ξa(t)ξb(t′)〉 = δabδ(t − t′) (a, b = 1, 2, 3). We
neglect the change in viscosity due to heating of the
water, which is known to lead to enhanced diffusion
3[30]. The particle velocity consists of three parts ~v =
~vs+~vT +~vex where ~vs, ~vT and ~vex are the self-propulsion,
collective thermal drift, and excluded volume compo-
nents. The colloid self-propulsion velocity, as calculated
from the average of the surface slip velocity, becomes
~vs = η
[√
2 (−Re {I1,1} xˆ+ Im {I1,1} yˆ) + I1,0zˆ
]
/(3
√
3pi)
where we set κi = κo for simplicity. The collective
drift velocity is given to the lowest order by ~vT,i =
η
8
√
pi
∑N
j=1
I
(j)
0,0
|~rj−~ri|2 rˆij where i and j are particle indices
and ~ˆrij = (~rj − ~ri)/|~rj − ~ri| is the unit vector along
the center line of the two particles. This is consistent
up to O(r3), at which point multiparticle hydrodynam-
ics should be included. The exclude volume component
takes the Lennard-Jones form ~vex = 24(2r
−13 − r−7)rˆij
for r < 21/6 and zero otherwise. Excluded volume and
surface light intensity are calculated through the use of
neighbor lists and integration is performed with an adap-
tive time step that constrains the maximum displacement
to be less than σ/100 on average over the last 100 steps.
The behavior of the system depends on the intensity of
the light source, which we can represent using the dimen-
sionless coupling strength η = σI|ST |/κ, where ST =
DT /D is the Soret coefficient, and D = kBT/(3piµσ) is
the colloid diffusion coefficient, with µ being the viscosity
of the solvent. All results presented here are for simula-
tions of up to N0 = 1024 colloids with η varied between
5 and 30. We define the swarm as the most populated
set of particles with a maximum separation between par-
ticles of L = 10σ. This distance was set by a crossover
observed in the radial distribution function. We use the
ordered eigenvalues λ21 < λ
2
2 < λ
2
3 of the second central
moment tensor, Sab =
∑Nswarm
i r
(i)
a r
(i)
b , to quantify the
shape of the swarm perpendicular, R2⊥ = λ
2
1 + λ
2
2, and
parallel, R2‖ = λ
2
3, to the axis of illumination.
The colloids are initially arranged randomly in a cube
of side length 20σ with the directed light source oriented
along −zˆ. After a short transient period the system self-
organizes into a moving swarm of Nswarm colloids with
a comet like structure: a high density head region with
the outer most illuminated colloids generating a central
hot core, and a relatively more dilute trailing aggregate
in the form of a tail; see Fig. 1a and Movie S1 in the
Supplemental Material [31].
To probe the properties of the swarm, we construct
the time- and ensemble-averaged density and temper-
ature fields in the center-of-mass moving frame of ref-
erence. The axially averaged density field is presented
in Fig. 1b and the temperature field and field fluctua-
tions can be seen in Figs. 2a and 2b, respectively. The
high density head region forms a hot core which pulls
the tail of the comet along and also drives the fluctua-
tions. Normalizing the local density fluctuations by the
equilibrium expectation value ∆ρ/
√
ρ reveals spatially
dependent nonequilibrium density fluctuations as shown
in Fig. 2c. A particularly interesting mode of density
fluctuations occurs at the tip of the head region as a re-
sult of the illuminated self-propelled particles (with the
strongest vs component) attempting to escape the in-
fluence of the thermal attraction (also at its strongest).
These particles usually return to the swarm, although
spectacular ejection events are also observed at the tip
with likelihood increasing with η; see Movie S2 for an
example [31]. Density fluctuations at the swarm tip and
temperature fluctuations are intertwined due to the tran-
sient appearance of heat sources.
Colloids move faster outside the swarm producing a
novel circulation in the average colloid velocity stream-
lines in the swarm center-of-mass frame, as shown in Fig.
1b; the colloids that are attracted to the hot core can re-
verse their direction on crossing the shadow boundary.
This phenomenon results from the competition between
the strong thermally induced drift velocity ~vT . towards
the hot core and the propulsion of individual colloids to-
wards the light source, ~vs. The (potentially partially)
illuminated colloids that are near the boundary of the
swarm introduce a “thermal drag” that slows down the
swarm as compared to the external fully illuminated iso-
lated colloids.
The swarm is a long-lived but transient structure; it is
subject to a slow leakage that eventually dissolves it. The
number of colloids in the swarm, Nswarm(t), decreases lin-
early in time as Nswarm(t) = N0[1− k(η)t] up until small
(∼ 200 colloids) swarm sizes when dissolution occurs; see
Fig. 2d. The rate of loss k(η) is dependent on the cou-
pling strength with a minimum occurring at η ∼ 17.5; see
Fig. 2d (inset). Colloids diffuse out of the shadowed tail
area with some returning to the swarm and others pro-
pelling past to be permanently lost. At η > 17.5 colloids
can also escape at the swarm tip due to large fluctuations
in the swarm shape driven by deviations from cylindrical
symmetry brought forth from colloids in the tail escaping
the shadow to become active. Above the dissolution size,
the swarm adopts a well-defined R⊥, while it elongates to
accommodate the given number of colloids in the swarm,
as seen in Fig. 2e. As Nswarm is decreasing in time, quan-
tities such as shape (and the swarm velocity; see below)
should be measured at a fixed number.
Figure 2f shows how the thermal drag becomes more
prominent as the coupling strength is increased leading
to an effectively sub-linear increase of Vswarm with respect
to η. Smaller swarms are seen to move faster; see Fig. 2f
inset. The average shape of the swarm is also affected by
the value of η, as shown in Fig. 2g. The radius perpendic-
ular (parallel) to the axis of illumination becomes smaller
(larger) as η is increased, resulting in an increased aspect
ratio. The swarm velocity is dependent on the swarm ge-
ometry as it sets the area available to receive light and
the curvature. Figure 2a suggests that we can regard the
boundary of the swarm as a constant-temperature sur-
face. In analogy with perfect conductors, we can relate
the number of particles receiving light in the head (tail)
4Nhead (Ntail) to the local radius of curvature, namely,
Nhead
R⊥
∼ NtailR‖ . We expect Vswarm to be vo less some ther-
mal drag contribution vdNtail/Nhead ∼ vdR‖/R⊥. Set-
ting vd ∼ Vswarm we find Vswarm ∼ voR⊥/(R⊥ + R‖),
which agrees well with the data shown in Fig. 2f.
Although we have performed our analysis using geo-
metric optics and assuming perfection absorption, we ex-
pect many of the features of our results to remain valid
under more general conditions. Any sample of light ab-
sorbing colloids illuminated with a directed light source
will experience a temperature gradient along the illumi-
nation axis providing the necessary conditions for self-
organization and collective propulsion. The initial con-
figuration of the colloids before illumination needs to
be sufficiently dense to initiate clustering, but other-
wise is unimportant. Dimensional values for this sys-
tem can be estimated by considering coated polystyrene
colloids with thermal conductivity κ ∼ 0.1 W/(m ·K),
diameter σ = 1µm, and Soret coefficient |ST | = 10 K−1,
which will yield the required irradiation intensity as
I ∼ 104 ηW/m2 in terms of η (that gives the required
laser power as P ∼ 10 ηmW for an irradiated area
of A = 1 mm2). Using the value for the Soret coeffi-
cient, we can estimate that temperature variations will
be smaller than 20 K for the highest η presented here.
The diffusion coefficient for the σ = 1µm colloid in wa-
ter around room temperature, D ∼ 0.4µm2s−1, sets the
maximum colloid velocity to vo ∼ 0.05 η µm/s, which
yields typical velocities ∼ 1µm/s for the values of η stud-
ied here. The corresponding life time of the swarm will be
∼ 5000 × σ2/D ∼ 104 s, which is reasonably long. The
estimates suggests our results are well within reach of
experiments for appropriately synthesized colloidal par-
ticles with negative Soret coefficient.
In conclusion, we have found that light-induced self-
thermophoretic active colloidal particles can sponta-
neously self-organize to form a long-lived swarm shaped
like a comet, if the colloids have a negative Soret co-
efficient. It is important to note that while there have
been many previous studies of the collective dynamics
of self-propelled particles, few (if any) have considered
the details of the mechanism of propulsion, the interac-
tion between the particles, and their collective behavior
starting from underlying physical principles (and not us-
ing phenomenological models) as we have done here. Our
study suggests that it is possible to design collective be-
havior through emergence in active colloidal suspensions.
This could have applications in how smart functional ma-
terials are designed.
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